ABSTRACT It was hypothesized that the northward spread of the eucalyptus longhorned borer, Phoracantha semipunctata F., in California is limited by winter temperature conditions. The cold tolerance of prepupal stages was tested by exposing infested logs to cold temperature treatments of -5, 0, +5, and + lO"C for periods of 1, 3, 7, and 30 d. Temperature treatments had no affect on survivorship to adulthood or longevity but did reduce adult weight relative to nontreated control logs. Increasing exposure time to all cold temperatures significantly reduced both survivorship and adult weight but had no affect on adult longevity. Long periods of exposure to cold temperatures delayed emergence of adults and resulted in more closely synchronized emergence. Cold temperatures are unlikely to prevent the spread of this pest into most zones occupied by its eucalyptus host plants. In addition, increasing densities of prepupae in logs also resulted in significantly reduced survivorship to adulthood but did not affect adult weight or longevity.
trees. There are now ::::::200 species of Eucalyptus planted throughout southern and central California (Groenendaal 1985) . The eucalyptus longhorned borer, Phoracantha semipunctata (F.), first appeared in southern California in 1984 and in a few years has extended its range to include all of southern California and a portion of the San Francisco Bay area (Svihra 1989 ). The eucalyptus longhorned borer has no significant natural enemies in California (Scriven et al. 1986 ).
In Australia, the eucalyptus longhorned borer is a minor pest that feeds on the cambial tissues of moribund or dead eucalyptus trees (Duffy 1963 , Pook & Forrester 1984 . However, in other parts of the world where eucalyptus has been introduced, it frequently attacks living trees of many Eucalyptus species and can be a devastating pest (e.g., Drinkwater 1975 , Loyttyniemi 1980 , Mendel et al. 1984 , Gonzalez Tirado 1984 , Cadahia 1986 ). This is true in California as well (Scriven et al. 1986 ).
The biology of the eucalyptus longhorned borer is reviewed by Hanks et al. (1990) . Females oviposit batches of up to 40 eggs in crevices and under loose bark. The larvae develop in cambial tissues. Mature larvae bore into the sapwood to construct a pupal cell, plugging the opening to the surface with frass. Larvae require as little as 2.5 mo to complete development, and pupation lasts about 15 d during the summer months. Under fall or winter (late season) temperature conditions, the insects overwinter in the pupal cells as dormant prepupae for as long as 9 mo. The adults are nocturnal and chew their way out of the pupal plug in late spring; the sex ratio is very close to 1:1. The average fecundity in the laboratory is :::::no eggs per female. Total generation time in the field is ::::::3 mo during summer, and there are apparently at least two very asynchronous generations per year.
The sensitivity of Eucalyptus trees to cold temperatures effectively limits their distribution to zones with comparatively mild winters (Pryor 1976 ). Annual temperature minima also impose limits on the distribution of insects (Uvarov 1931 , Messenger 1959 , as is well documented for some cerambycids (Linsley 1959 , Rice 1986 . Because the eucalyptus longhorned borer is adapted to the temperate conditions of its native Australia, it is likely that its northward distribution in California will be checked by cold winter temperatures. One goal of our study was to examine the effect of cold temperatures on prepupal survivorship and subsequently the size, longevity, and phenology of adult beetles. Because the severity of injury caused by low temperatures is also a function of the length of exposure period (Salt 1961 , Danks 1978 , we subjected eucalyptus longhorned borer prepupae to cold temperatures for varying lengths of time.
The density of eucalyptus longhorned borer larvae is commonly high (Bytinski-Salz & Neumark 1952, Powell1982); often there are larvae still present in logs even though there is little of the original cambium remaining (Ivory 1977; L.M.H., unpublished data) . Thus, competition for resources among the larvae is apparently intense in this species. Klomp (1964) reported that intraspecific competition among larvae can result in increased larval mortality, reduced larval developmental rate or adult longevity, reduced weight of larvae and adults, and a change in the sex ratio. A second goal of our study was to test these hypotheses by examining the influence of density on survivorship to adulthood, and on adult weight, longevity, and sex ratio.
Materials and Methods
Logs of Eucalyptus viminalis de La Billardiere that were infested with eucalyptus longhorned borer larvae were obtained from the University of California, San Diego campus in September 1989.
The logs averaged 23.9 ± 6.57 em in circumference and were stored in a partially shaded outdoor shed on the University of California, Riverside campus.
We set up our study on 3 January 1990 when winter temperature minima had reached their lowest levels and mature eucalyptus longhorned borer larvae had bored into the sapwood. We removed the outer bark and frass from the logs, exposing the plugged pupal cells, and cut the logs into bolts averaging 34.3 ± 12.6 em in length that contained an average of 12.2 ± 6.41 pupal plugs. We moved six control logs to a glasshouse maintained at 30 ± soc and ambient humidity (mean of 40% RH) simulating typical summer conditions. Sixteen logs were randomly assigned to each of four temperature treatments in four incubators set at -S ± 0.5, 0 ± 1, +5 ± 1, and + 10 ± l.5°C as measured with a mercury thermometer. The logs were contained under continual dark conditions. The 16 logs in each incubator were then randomly assigned to four temperature exposure times; four logs were removed from each incubator after 1, 3, 7, and 30 d. We chose these exposure times to simulate a wide variety of winter conditions ranging from mild (10°C for 1 d) to severe as in the case of a prolonged cold system which would kill many eucalyptus species (-soc for 30 d).
All logs were transferred to the glasshouse upon removal, where they were bagged in nylon mesh to trap emerging adult beetles. The bags were examined daily and emerged beetles were removed, weighed, and their sex was determined. The beetles were put into screened cages in the laboratory where they were provided only with water to determine longevity without food. Bagged logs were monitored until no beetles had emerged from any logs for a period of 6 mo.
Proportional survivorship was calculated as the number of adult beetles having emerged from e~ch log divided by the number that had excavated pupal cells in that log (determined by counting the number of pupal cell plugs). These proportions were arc sine transformed before statistical analysis (Sakal & Rohlf 1981), and logs were used as replicates.
We estimated prepupal density by dividing the number of pupal cell plugs by the surface area of the log (length x circumference) and included this variable as a covariate. The linear relationship between density and survivorship was examined by regression analysis (PROC REG; SAS Institute [1988] ). Because we could not sex the larvae, we examined the sex ratio of adult beetles that emerged in each treatment using the equation: sex ratio = males/(males +females) to determine whether the treatments caused differential mortality between males and females. Thus, survivorship to adulthood, adult sex ratio, and adult weight and longevity were the dependent variables in our analysis of variance models, and differences between treatment means were tested with Tukey's comparisons of means test (SAS Institute 1988) . Because all the beetles were in a dormant state in the pupal cells and so were not greatly influenced by the particular characteristics of their log, we performed statistical tests on adult weight, sex ratio, and longevity as if the individual insects were statistically independent replicates (Hurlbert 1984) . We also examined the effects of temperature and exposure time on the phenology of adult emergence.
Results
One study log in the 10"C, 30-d exposure time treatment was lost during the study. We reared a total of 320 adult beetles from the 69 cold-treatment study logs, with a mean of 4.6 ± 2.8 (it ± SEM) adult beetles per log.
There were no significant differences among temperature treatments in the proportion of prepupae surviving to the adult stage (Table 1) . However, the exposure time (regardless of temperature) did have a significant effect among the cold-treated logs; the mean proportional survivorship for logs exposed for 30 d (0.34 ± 0.056) (Fig. 1 ) was significantly lower than that of the 1-and 3-d exposure logs (0.62 ± 0.06 and 0.65 ± 0.055, respectively) and was also lower than the control mean (0.47 ± Exposure Time (Days) Fig. I . Relationship between proportion of prepupae surviving to the adult stage (emerging from pupal cells) and the duration of time that logs were exposed to cold temperature treatments (control logs were not cold treated). Means and standard errors of the means are presented. Sample sizes include totals of 69, 189, 170, 199 , and 224 prepupae in the control 1-, 3-, 7-, and 30-d exposure categories, respectively. Proportions with the same letter (a, b, c) were not significantly different (P > 0.05).
0.096), although not significantly so. The density covariate was also highly significant (Table 1) because of an inverse relationship between density of prepupae and survivorship to adulthood (Fig. 2) .
Dissection of six logs after the study was complete revealed that all nonemergent insects were dead. Of a total of 40 nonemerging individuals, 28% had died in the prepupal stage, 44% as pupae, and 28% as adults.
Both temperature and exposure time variables and two interaction terms were significant in influencing the weight of emerging adult beetles, whereas the density effect was not significant (Table 1). Mean adult weight was significantly higher in the control than in the 0, +5, or + l0°C cold treatments (Fig. 3A) . Mean weight was also significantly lower in the 1-, 3-, and 30-d exposure times than in the control treatment, and the 30-d treatments showed a mean weight that was signif- Time (days) Fig. 3 . Relationship between mean weight of adult beetles emerging from (A) control logs and logs subjected to -5, 0, +5, and + Hl"C temperature treatments (n = 22, 47, 77, 48, and 92 adult beetles, respectively) and from (B) control logs and logs subjected to these cold treatments for periods of 1, 3, 7, and 30 d (n = 22, 73, 79, 70, and 42 adult beetles, respectively). Means and standard errors of the means are presented. Proportions with the same letter (a, b, c) were not significantly different (P > 0.05).
icantly lower than that of the 7-d treatment (Fig.  3B ).
There were no significant temperature, exposure time, or density effects when the longevity of adult beetles was the dependent variable (Table 1) . This lack of effect may have been due to an infestation of a parasitic pyemotid mite in the adult beetle colony that developed after all treatment logs had been moved into the glasshouse. Feeding by these mites reduced the longevity of the beetles in the laboratory to a mean of 5.5 ± 3.38 d from the 21.0 ± 4.3 d mean in the healthy colony .
There were also no significant effects when the sex ratio of adult beetles emerging from logs was the dependent variable (Table 1) . This shows that neither our temperature and exposure time treatments nor prepupal density had a differential effect on survivorship to adulthood between males and females.
The first adult beetles emerged in the glasshouse on 15 March 1990 (time zero in Fig. 4A and B 71 d after beginning the experiment. Emergence from the control logs was gradual and nearly constant throughout its 40-d period (solid line in Fig.  4A ). From logs that were exposed to cold temperature treatments for only 1 d, adult beetles began to emerge about the same time as from the control logs, although emergence was delayed by 11 d in the -5°C treatment (Fig. 4A) . The emergence curves for all temperatures were similar to that of the control logs ( Fig. 4A ) with times to total emergence of 34, 37, 34, and 45 d for the -5, 0, +5, and + l0°C treatments, respectively.
In logs exposed to temperature treatments for 30 d (Fig. 4B) , there was a delay in adult emergence of at least 9 d after emergence had begun in the control logs. All of the cold treatments showed very similar emergence curves (Fig. 4B ) that were much more concave than the control curve because of the more abrupt onset of adult emergence and a shorter emergence period relative to the control logs (23, 31, 20 , and 32 d for the -5, 0, +5, and + l0°C treatments, respectively, versus 40 d for the control logs). Emergence was most delayed in the 0°C logs. Emergence curves for the 3-and 7 -d exposure times showed phenologies that were intermediate in duration and shape between the land 30-d values.
Discussion
Contrary to our expectations, eucalyptus longhorned borer prepupae survived freezing or subfreezing temperatures of short duration. The coldest temperatures we used were of sufficient severity that exposure of some species of Eucalyptus to these temperatures would result in frost damage (vide infra). There were no significant differences among the four levels of cold-temperature treatments and a warm-temperature control that simulated daily summer temperatures in their effects on the survivorship of prepupae, on adult longevity, or on the adult sex ratio (an indicator of differential mortality between sexes). There was a general reduction in weight with the application of all four cold-temperature treatments with a maximum reduction of 23% relative to the control treatment.
Increasing the length of exposure time for all four of these temperatures from l to 30 d reduced prepupal survivorship by as much as 48%. This may be attributable to the influence of humidity, which was similarly very low in all four incubators (near 0% versus 40% for the warm-temperature treatment); long exposure to this desiccating influence also can reduce the survivorship of insects (Danks 1978 , Williams 1983 . Exposure time also had a significant effect on adult weight, with as much as a 26% reduction in weight between the control and cold treatments. The significant interactions in the adult weight ANOV A between temperature and exposure time and between these two variables and density were the result of variation across the treatment combinations that showed no consistent patterns.
The correlation between density of pupating cerambycid larvae and survivorship to adulthood is probably a reflection of earlier competition for resources among the larvae (e.g., see Ikeda 1979) . In study logs with high densities of larvae, all the cambium was consumed, and late developing larvae had no alternative but to consume frass. Although the digestive efficiency of cerambycids is typically low (Haack & Slansky 1987) , frass consumed by eucalyptus longhorned borer larvae must be of lower nutritional quality than fresh host tissues (Mendel1985), and this reduced food quality may be the cause of the poorer survivorship to the adult stage. Mendel eta!. (1984) similarly reported an inverse relationship between density of neonate larvae and survivorship to the prepupal stage.
It is surprising there was no significant correlation between larval density and adult weight as has been documented in some species of cerambycids (Ikeda 1979 ) and other cambium feeders (Atkins 1975) . This may be due to our use of prepupae; the densities of earlier stage larvae may have been more variable and had a greater effect on adult December 1991 HANKS ET AL.: COLD TOLERANCE IN THE EUCALYPTUS LONGHORNED BORER 1657 size. Eucalyptus longhorned borer larvae of a wide range of sizes occur in single logs (Powell 1978 (Powell , 1982 L.M.H., unpublished data) . Larger larvae, presumably from earlier oviposition, are more likely to complete development. That increasing density of the prepupae had no significant effect on adult weight but did result in a decline in survivorship suggests that, among competing larvae, larger and presumably better nourished individuals were more likely to complete development, resulting in a more uniform adult weight among the emerging adults.
The 2.5-mo delay in the emergence of adults from the control logs after the logs had been moved into the warm temperature regime in the glasshouse (versus 15 d to complete pupation in the field during the summer) suggested that the prepupae were dormant (sensu Denlinger 1986 ). However, adults did emerge in the glasshouse nearly 3.5 roo earlier than did adults from logs in the field (which emerge in late spring). Thus, warm temperatures did accelerate the onset of pupation to a considerable extent.
Bytinski-Salz & Neumark (1952) reported that the developmental threshold of eucalyptus longhorned borer larvae is ~ll.5°C. Because all our cold temperature treatments were below this temperature, we assumed that development had ceased for the length of the exposure period. Temperature alone had only a slight effect on the phenology of adult emergence when exposure time was only 1 d; adult beetles emerged from cold-treated logs nearly synchronously with those from the control logs, although the -5°C treatment did delay emergence by ll d. However, with exposure times of 30 d, emergence was delayed by all the cold treatments relative to the control, but only by a maximum 19 d. This supports the hypothesis that prepupae in the control logs were dormant. Cold treatment had the effect of more closely synchronizing adult emergence relative to emergence from the warm temperature control. Similarly, Hansen (1990) found that more uniform emergence of adults of the cerambycid Hylotrupes bajulus (L) occurred when late-stage larvae were cold-treated.
There is a metabolic cost accompanying adaptation to cold. Therefore, species should be adapted to only those extremes in temperature that they are likely to encounter (Danks 1978) . The coldhardiness of the eucalyptus longhorned borer is much greater than we predicted for a temperate climate species. Our results did suggest that cold winter temperatures will affect eucalyptus longhorned borer populations in cooler zones by reducing survivorship to the emergent adult stage and adult weight (and, subsequently, fecundity). Standiford et al. (1983) report seasonal minimum temperatures for 22 Eucalyptus species planted in California, with a mean of -7.1 ± 5.8°C. This figure provides an indicator of the general tolerance of Eucalyptus trees to cold temperatures of relatively short duration. However, we observed only a partial reduction in performance of the eucalyptus longhorned borer in a more severe treatment of -5°C for 30 d. The eucalyptus longhorned borer is probably capable of colonizing many areas that have weather conditions temperate enough for persistence of its eucalyptus hosts, and as a consequence winter temperatures will probably not restrict the northward spread of this pest in areas in North America already colonized by its host plants.
However, adult eucalyptus longhorned borers require warm evening temperatures (> 15°C) to disperse by flying and to locate new hosts (BytinskiSalz & Neumark 1952 , Chararas 1969 , Loyttyniemi 1983 . Powell (1978) reported that eucalyptus longhorned borer adults did not oviposit on logs at one study site because of cool night temperatures of <16°C. Therefore, this factor might limit the ability of the eucalyptus longhorned borer to rapidly colonize cooler areas. Furthermore, the saturation of log tissues during heavy rains results in larval mortality (Powell 1982) . Thus, beetle populations may be further restricted by this mortality in areas having higher levels of precipitation.
